In modern automobiles, electronic throttle is a DC-motor-driven valve that regulates air inflow into the vehicle's combustion system. The electronic throttle is increasingly being used in order to improve the vehicle drivability, fuel economy, and emissions. Electronic throttle system has the nonlinear dynamical characteristics with the unknown disturbance and parameters. At first, the dynamical nonlinear model of the electronic throttle is built in this paper. Based on the model and using the backstepping design technique, a new adaptive backstepping sliding-mode controller of the electronic throttle is developed. During the backstepping design process, parameter adaptive law is designed to estimate the unknown parameter, and sliding-mode control term is applied to compensate the unknown disturbance. The proposed controller can make the actual angle of the electronic throttle track its set point with the satisfactory performance. Finally, a computer simulation is performed, and simulation results verify that the proposed control method can achieve favorable tracking performance.
Introduction
In recent years, many important functions of modern automobiles are shifting from a purely mechanical to an electromechanical implementation. These functions are implemented by using the so-called "x-by-wire" systems, including drive-by-wire and steer-by-wire systems [1, 2] . Electronic throttle system is one of the important drive-by-wire systems for modern automobiles. The electronic throttle is essentially a DC-motor-driven valve that regulates air inflow into the vehicle's combustion system. Its control system positions the throttle valve according to the reference opening angle which is provided by the engine control unit. In recent years, the electronic throttle is increasingly being used in modern automobiles in order to improve the vehicle drivability, fuel economy, and emissions.
In fact, electronic throttle control is a typical tracking problem of nonlinear control systems. Nonlinear control scheme has been attracting more and more attention from the researchers almost in every field of the control design systems [3, 4] . There are many nonlinear control schemes that have been proposed and studied. For example, in [5] [6] [7] , based on robust right coprime factorization, tracking problem of nonlinear feedback control systems is considered and studied. The proposed universal design scheme on the nonlinear control system can not only guarantee the robust stability of the perturbed systems but also realize the output tracking to the reference input. Sliding-mode control [8] and backstepping control [9] are also some widely utilized nonlinear control schemes. All these nonlinear control methods mentioned above have been widely used in practical applications due to their robustness.
The synthesis of a satisfactory electronic throttle control (ETC) system is difficult due to the presence of the strong nonlinear characteristic, unknown parameter, and disturbance. This challenging control problem has attracted significant attention of the research community and automotive industry in recent years. In [2] , a new intelligent fuzzy controller is proposed. It can handle the nonlinear hysteretic of electronic throttle. In [10] , the controller synthesis is performed in discrete time by solving a constrained timeoptimal control problem of the throttle. In [11] , the dynamic programming (DP) technique is also used to obtain the optimal gear shift and throttle opening angle which maximizes fuel economy while satisfying the power demand. In [12] , an integrated control strategy is proposed, which consists of a proportional-integral-derivative (PID) controller and a feedback compensator for friction and limp-home effects. In [13, 14] , some novel approximate model-based robust nonlinear control strategies are presented for the electronic throttle valve. In [15] , a throttle control algorithm for improving the engine response is proposed, and the proposed control algorithm can compensate two delays that existed in the throttle response and manifold filling.
Sliding-mode control (SMC) has been widely used in practical applications due to its robustness against parameter variations and disturbances [8, 16] . There are also some works that introduce sliding-mode control to control the electronic throttle. In [17] , a cascade control structure of the electronic throttle is presented and discussed, which is composed of an inner current sliding-mode controller, an intermediate velocity sliding-mode controller, and an outer position digital linear controller. In [18] , the nonlinear hysteretic characteristic of the electronic throttle is described and the sliding-mode control method is proposed to control the electronic throttle. References [19, 20] designed an observer-based sliding-mode controller based on an identified model for a drive-bywire throttle control system. In [21] , a neural network-based sliding-mode controller for an electronic throttle is proposed, in which a static neural network is used as an estimator of the state-dependent uncertainties in the system. In [22] , the control of an electronic throttle valve based on secondorder sliding-mode concepts is presented, and the twisting algorithm is chosen as the control law.
Although the above mentioned control methods can achieve the acceptable control performance, there are also some shortcomings in these existing control methods. These control methods have complex structure and design process. As we know, the complex design process of the controller often leads to the difficulty of its realization in the actual automotive manufacturing industry. Meanwhile, the characteristics including the unknown parameter and disturbance of the electronic throttle are not fully considered and processed in these existing control methods.
Backstepping technique is a systematic design scheme. Its main idea is to decompose a complex system into multiple small-scale subsystems, then to design recursively control Lyapunov function and virtual controller for each subsystem, and finally obtain the original control law [9, 23, 24] . For the systematic design process, backstepping control scheme is easy to be realized and it has been applied in many practical applications cases, such as induction motor [25] , chemical process [26] , and robot manipulator [27] .
Motivated by the advantage of the backstepping design method, this paper investigates the backstepping control problem of the electronic throttle. A new adaptive backstepping sliding-mode controller of the electronic throttle is developed in this paper. During the backstepping design process, parameter adaptive law is designed to estimate the unknown parameter, and sliding-mode term is applied to compensate the unknown disturbance. The proposed adaptive backstepping sliding-mode controller can achieve the satisfactory performance; that is, the actual angle of the electronic throttle can track its set point. Finally, a computer simulation is performed, and simulation results verify the effectiveness of the proposed control method.
It should be noted that the adaptive backstepping slidingmode control method has not been utilized for the electronic throttle system in the existing references. This paper proposes and designs an adaptive backstepping sliding-mode controller for the electronic throttle. The proposed control method is suitable for the characteristics of the electronic throttle system, and the satisfactory control performance also can be obtained. Therefore, the new control strategy of the electronic throttle in this paper is valuable for the modern automobile industry.
This paper is organized as follows: Section 2 describes the nonlinear mathematical model of the electronic throttle. Section 3 designs the adaptive backstepping sliding-mode controller of the electronic throttle. Section 4 illustrates the simulation results and finally Section 5 shows the conclusion of this paper.
Descriptions and Nonlinear Model of the Electronic Throttle
There are some symbols in this section. At first, definitions of these symbols are described as follows:
: set point of the valve plate angle, 
Description of the Electronic Throttle.
The real figures of the electronic throttle are shown in Figures 1 and 2 . Figure 1 is the external view of the electronic throttle. Figure 2 is the internal view of the electronic throttle. The schematic of a typical electronic throttle control system is shown in Figure 3 . There are a controller, a bipolar chopper, and an electronic throttle body (ETB) in Figure 3 . ETB consists of a DC drive powered by the bipolar chopper, a gearbox, a valve plate, a return spring, and a position sensor. When the valve plate angle is regulated, the air inflow into the vehicle's combustion system can also be regulated. The control objective of the electronic throttle is to control the valve plate angle tracking its set point with the satisfactory performance.
Nonlinear Model of the Electronic Throttle.
In this section, we establish the nonlinear model of the electronic throttle. At first, we build the motion equation of the electronic throttle system. According to the motor motion theory, the motion equation of the electronic throttle is
In the electronic throttle, the driving motor is DC motor. The electromagnetism torque ( ) of DC motor is determined mainly by the armature current. Computation formula of ( ) is In the motor armature circuit, the relation between current ( ) and input voltage ( ) is described as
where
By substituting (4) into (3), we have
By substituting (5) into (2), we get
Therefore, (6) is the expression of ( ).
In the following steps, we will deduce the detailed expression of ( ). From the structure of the electronic throttle, we know that the load torque ( ) in the electronic throttle mainly consists of the return spring torque ( ) and the friction torque ( ):
According to the mechanism analysis, the nonlinear return spring torque ( ) is
Friction torque ( ) is composed of the static and coulomb frictions, which is shown as follows:
In (9), ( ) is the static friction and sgn( ( )) is the coulomb friction.
By substituting (6)- (9) into (1), we get
In fact, there are some existing models of the electronic throttle in some references. However, the dynamical characteristics of the electronic throttle cannot be fully reflected by these models due to the simplified modeling process. For example, in [15, 19, 28] , the return spring torque or the friction torque is simplified as linear models. In [17, 18] , the static friction or coulomb friction is neglected. In this paper, as shown in (7)- (8), the dynamical characteristics of the return spring torque and the friction torque are fully considered at the same time in the modeling process. Therefore, the model in (10) has better performance compared with some existing models.
Defining state variables 1 ( ) = ( )− 0 and 2 ( ) = ( ), input variable ( ) = ( ), and the output variable ( ) = ( ), we can obtain the dynamical state-space model of the electronic throttle system:
In (11), , , , , and are the known parameters. , , and are the unknown parameters. The main external disturbance signal in the electronic throttle system is the external current disturbance. As shown in Figure 3 , the control signal is transformed to a pulse width modulation (PWM) signal by the bipolar chopper that is connected to the DC motor. Frequency fluctuation of PWM often causes the external current disturbance. The accurate value of the external current disturbance is difficult to be measured. However, the maximum range of this external disturbance signal can be determined by some experiments and experiences. In fact, by using some experiments and experiences, we know that the maximum range of external current disturbance is one ampere (A).
Then, letting
and considering the external disturbance, (11) is rewritten aṡ
where ( ) is the external disturbance and satisfies the following condition:
where is a known constant, which represents the maximum value of the external disturbance. In this paper, can be selected as 1.
From the definitions of 0 , 1 , and 2 , we know that 0 is the known parameter; however, 1 and 2 are the unknown parameters in (13).
Adaptive Backstepping Sliding-Mode Control Design
From (11), we know the output ( ) is the actual angle ( ).
The control objective of this paper is to design a control system such that the output ( ) of the system shown in (11) can track the set point of the valve plate angle * asymptotically.
Based on the dynamical state-space model and using the backstepping design technique, a new adaptive backstepping sliding-mode controller is developed for the electronic throttle. During the backstepping design process, parameter adaptive law is designed to estimate the unknown parameter and sliding-mode control term is applied to compensate the unknown disturbance. The proposed backstepping control procedure is described step by step as follows.
Step 1. For the position-tracking objective, the tracking error is defined as
where = − 0 . Take ( ) as a virtual control and define
Consider the following Lyapunov function candidate:
The time derivative of 1 ( ) iṡ
From (15) and (16), we knoẇ
Choose the virtual control function ( ) as
By substituting (20) into (19), we havė
By using (21) and (18), we geṫ
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From (22), we know if 2 ( ) is equal to zero, the time derivative of 1 ( ) will be smaller than or equal to zero. Iḟ 1 ( ) ≤ 0, we know 1 ( ) will converge to zero and 1 ( ) will converge to the set point . Therefore, in the next step, we will design a controller ( ) to make 2 ( ) converge to zero.
Step 2. In (13), 1 and 2 are unknown parameters. At first, we definẽ1
wherê1 is the estimation value of 1 and̂2 is the estimation value of 2 .̃1 and̃2 are the estimation errors.
Consider the following Lyapunov function candidate 2 ( ):
The time derivative of 2 ( ) iṡ
According to (13) , (16) , and (20), we knoẇ
By substituting (26) into (25), we havė
We design the parameter adaptive laws aṡ
By substituting (28)- (29) into (27), we havė
Choose the control function ( ) as
where is a constant and satisfies the following condition:
In (31), (1/ 0 ) sgn( 2 ( )) is the slide-mode control term, which is utilized to compensate the external disturbance ( ).
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By substituting (31) into (30), we havė
According to (32), we knoẇ
From (34), we know if we choose the parameter adaptive laws shown in (28)- (29) and controller shown in (31), the variables 1 ( ) and 2 ( ) will converge to zero. That is, the output ( ) = 1 ( ) of the system shown in (12) can track its set point asymptotically.
Computer Simulation
In this section, we perform computer simulation to confirm the effectiveness of the proposed adaptive backstepping sliding-mode controller. It should be noted that some parameters are unknown in the actual electronic throttle system. The unknown parameters are described in Section 2. In the simulation, it is necessary to know the parameters in the dynamical model of the electronic throttle. Therefore, we must give some assumption values for these unknown parameters in the simulation. The values of the parameters in the electronic throttle system in the simulation are given in Table 1 .
In the simulation, the external disturbance also should be given. From Section 2, we know that the maximum range of external current disturbance is one ampere (A). Therefore, during the simulation process, we can select the external disturbance as ( ) = sin( ).
The control algorithm in this simulation is shown as (31). According to (32) and ( ), in (32) can be selected as = 1.
Simulation results are shown in Figures 4-9 . Figure 4 shows the set point of the electronic throttle angle, that is, . Figure 5 shows the actual angle of the electronic throttle, that is, 1 ( ). Figure 6 shows the actual angle speed of the electronic throttle, that is, 2 ( ). Figure 7 shows the estimation value of the first unknown parameter, that is,̂1. Figure 8 shows the estimation value of the second unknown parameter, that is,̂2. Figure 9 shows the duty cycle of the bipolar chopper, that is, the input variable ( ) = ( ) in (12). We will analyze the simulation process in detail. During 0-5000 milliseconds, the system is in the steady state and the set point is 20 degrees. After 5000 milliseconds, is increased from 20 to 40 degrees.
At 5000 milliseconds, is increased. In order to increase the actual angle 1 ( ), the input voltage should be increased. From Figure 9 , the duty cycle of the bipolar chopper is increased when time is 5000 milliseconds. The increase of the duty cycle can lead to the increase of the input voltage. When the input voltage is increased, the angle speed 2 ( ) will be increased, which is shown in Figure 6 . When the angle speed 2 ( ) is increased, the actual angle of the electronic throttle 1 ( ) will be also increased, which is shown in Figure 5 . Therefore, the actual angle 1 ( ) is regulated to track its set point. When the dynamical regulation process is finished, the angle speed 2 ( ) is controlled to zero.
During the simulation process, we must give some assumption values for those unknown parameters. So, the values of 1 and 2 are known. From Figures 7-8 , we also know that the estimation value of the unknown parameterŝ 1 and̂2 can be adjusted to achieve their actual values 1 and 2 by using the adaptive laws shown in (27) - (28) .
Therefore, from Figures 4-9, we know that the dynamical process of the simulation result is right for the electronic throttle and the tracking performance is also satisfactory.
Conclusions
In this paper, the nonlinear dynamical mechanism model and the state-space model of the electronic throttle are presented. According to the dynamical characteristics of the electronic throttle, a new adaptive backstepping sliding-mode controller is developed for the electronic throttle. Parameter adaptive laws are designed to estimate the unknown parameters and sliding-mode control term is applied to compensate the unknown disturbance. Computer simulation results confirm the effectiveness of the proposed control method. The main work mentioned above has certain merit for the modern automobile industry.
